Electroconvulsive therapy (ECT) remains the treatment of choice for drug-resistant patients with depressive disorders, yet the mechanism for its efficacy remains unknown. Gene transcription changes were measured in the frontal cortex and hippocampus of rats subjected to sham seizures or to 1 or 10 electroconvulsive seizures (ECS), a model of ECT. Among the 3500 -4400 RNA sequences detected in each sample, ECS increased by 1.5-to 11-fold or decreased by at least 34% the expression of 120 unique genes. The hippocampus produced more than three times the number of gene changes seen in the cortex, and many hippocampal gene changes persisted with chronic ECS, unlike in the cortex. Among the 120 genes, 77 have not been reported in previous studies of ECS or seizure responses, and 39 were confirmed among 59 studied by quantitative real time PCR. Another 19 genes, 10 previously unreported, changed by Ͻ1.5-fold but with very high significance. Multiple genes were identified within distinct pathways, including the BDNF-MAP kinase-cAMP-cAMP response element-binding protein pathway (15 genes), the arachidonic acid pathway (5 genes), and more than 10 genes in each of the immediate-early gene, neurogenesis, and exercise response gene groups. Neurogenesis, neurite outgrowth, and neuronal plasticity associated with BDNF, glutamate, and cAMP-protein kinase A signaling pathways may mediate the antidepressant effects of ECT in humans. These genes, and others that increase only with chronic ECS such as neuropeptide Y and thyrotropin-releasing hormone, may provide novel ways to select drugs for the treatment of depression and mimic the rapid effectiveness of ECT.
Introduction
Psychiatric depression, associated with major depressive disorder (MDD) and psychotic depression, is treated with several classes of antidepressant drugs, all of which require several weeks to be effective. For many patients who do not respond to such drugs, electroconvulsive therapy (ECT) remains a highly effective and rapid treatment. The receptor interactions and other pharmacological actions of the chemical antidepressants have been well studied. In contrast, the mechanism(s) for their long-term antidepressant efficacy, or for that of ECT, remains unclear. The molecular effects of electroconvulsive seizure (ECS), an animal model of electroconvulsive therapy, are diverse and comprise increases in levels of neurotransmitters, neuropeptides, and synaptic remodeling including neuronal sprouting (for review, see Fochtmann, 1994) . ECS affects several brain regions, particularly the hippocampus, frontal cortex, neostriatum, entorhinal cortex, temporal-parietal cortex, and several monoaminergic nuclei that project to these areas (Table A; available at http://www. psygenomics.com/html/Supplemental_Table_A.pdf ). Because the greatest benefits of antidepressants and ECT are derived with chronic treatment, the chronic molecular effects of ECS may reveal mechanisms of their therapeutic efficacy.
An analysis of gene changes after single or multiple ECS treatments might be expected to identify changes specific to chronic treatments, as well as potential initial triggering mechanisms. Investigations into the mediators of ECS have evaluated one or, at most, only several mRNA species in any brain region (Table A; available at http://www.psygenomics.com/html/Supplemental_ Table_A.pdf). Hendriksen et al. (2001) measured multiple gene expression changes in the hippocampus, but only 8 d after local seizures induced by electrical stimulation had been terminated by pentobarbital. The only other study of this kind was by Lukasiuk et al. (2003) , in which hippocampal and temporal lobe expression profiling was conducted in animals subjected to amygdala kindling but before they developed spontaneous seizures.
We studied the effects of single versus repeated ECS exposures on gene transcription to identify genes and potential biochemical pathways that are associated with the efficacy of chronic ECT. To accomplish this, gene changes in the rodent brain were measured using Affymetrix (Santa Clara, CA) U34 high-density oligonucleotide microarrays after a single or 10 repeated ECS treatments. A large subset of gene expression changes identified with the gene microarrays was confirmed with real time reverse transcription (RT)-PCR. The hippocampus and frontal cortex were selected for analysis because they are the most heavily implicated CNS areas in the biochemical basis of human depression. Positron emission stranded cDNA after priming with an oligo-dT-T7 promoter primer (Operon, Alameda, CA). The resultant cDNA was purified by phenolchloroform extraction, ethanol precipitated, and resuspended in H 2 O. The purified cDNA was subjected to in vitro transcription using T7 polymerase in the presence of biotinylated UTP and CTP (Enzo Life Sciences, Farmingdale, NY). The resultant amplified RNA (aRNA) was purified with an RNeasy column (Qiagen), eluted in H 2 O, and quantified using a UV spectrophotometer. aRNA (15 g) was fragmented following the Affymetrix protocol. The quality of RNA fragmentation was checked on the Agilent Bioanalyzer, and 30 l was added to 270 l of hybridization buffer and hybridized to the Affymetrix U34A Rat Genome GeneChip. After 16 hr of hybridization at 45°C, the GeneChip was washed, stained, and scanned according to the standard Affymetrix protocol.
Statistical analysis. Each gene on Affymetrix U34A gene chips is represented by one or more of ϳ8800 "probe sets," or sets of oligonucleotides that are derived from the mRNA sequence of that particular gene. After hybridization and scanning, each probe set was assigned a "present" or "absent" call and an overall fluorescent signal intensity as determined by the Affymetrix Microarray Suite Software 5.0 after global normalization. Scatter diagrams and estimates of sample sizes required for identifying significant gene changes were limited to probes that were present in at least one sample for either group. This procedure filtered out ϳ50% of all probe sets. The identification of gene overlaps between experiments and of specific gene changes was limited to probe set(s) reported as present in at least 50% of all samples in either the control or ECS group and only if the mean fluorescence intensity for either the control or treatment group was Ͼ100.
A principal component analysis (PCA) was performed using Partek Pro 2000 software package (Partek, St. Charles, MO), with arrays as objects and probe sets as variables to detect outlier arrays. PCA plots mapped the distribution of arrays within a three-dimensional space defined by the three greatest contributors to the variance in total gene expression values. The position of an array on such plot reflects the overall expression profile of the sample as measured by the array. The arrays that appeared as outliers on the plots were removed from further analysis. The PCA outliers were primarily associated with a noted technical problem, including marginally acceptable RNA quality, regional blotches in hybridization signals, or weak overall hybridization on the gene chip.
Genes were considered to have been changed by acute or chronic ECS versus that of the sham-treated controls if the comparison generated a p value Ͻ0.05 using the two-tailed Welch t test and only if the ratio of means exceeded 1.5 or was Ͻ0.67. In a multiple testing setting, the p value of 0.05 does not really mean that the probability of type 1 error is 0.05, unless the Bonferroni's correction has been applied. We did not use the Bonferroni's correction, because it would result in many type 2 errors and the loss of most of the valid hits as p values that generally exceeded 10 Ϫ6 . The uncorrected p value of a statistical test is useful primarily as a measure of difference between data sets. A parametric p value may outperform a permutational one as a distance metric, according to a recent study (Xu and Li, 2003) . In addition, the ratio of means cutoff of 1.5 for increased genes and 0.67 for decreased genes enhanced the verification rate of gene expression changes by RT-PCR. GeneSpring analysis software (Silicon Genetics, Redwood City, CA) was used to evaluate the overlap between the gene changes identified in the four comparisons.
Quantitative RT-PCR assay. Because ϳ3500 -4400 genes were present in each sample, we expected to obtain a significant number of false positives. To evaluate this possibility and the ability of the microarray chip to determine relatively small gene changes, RT-PCR was used to independently measure in all samples 60 of the genes that were found to be altered with the microarray chip. Total RNA (2 g) was subjected to DNase treatment in a 10 l reaction containing 1 l of 10ϫ DNase I reaction buffer and 1 l of DNase I (Invitrogen). The reaction was performed at room temperature for 10 min. One microliter of EDTA (25 mM) and 1 l of oligo (dT) 12-18 mer (0.5 g/ml; Invitrogen) were added to DNase reaction and heated to 70°C for 15 min in a water bath to simultaneously inactivate the DNase I activity and eliminate RNA secondary structure to allow oligo dT-poly A annealing. The sample was placed on ice for 2 min and collected by brief centrifugation. The RNA in the sample was reverse-transcribed into cDNA by the addition of 8 l of master mix containing 4 l of 5ϫ concentration first strand buffer, 2 l of DTT (0.1 M), 1 l of dNTPs (10 mM each), and 1 l of SuperScript II (200U/l; Invitrogen) and incubated at 42°C for 45 min. The RT reaction was diluted 10-fold with dH 2 O and stored at 4°C.
Each of the acute hippocampus experiment samples was diluted to 0.75, 0.5, and 0.25 of normal concentrations to evaluate the ability of RT-PCR to accurately measure 25, 33, and 50% decreases in mRNA levels and to detect the mRNA changes between the sham and ECS groups across these dilutions. Each dilution group was assayed separately for three genes that were randomly selected from those that produced high significance ( p Յ 1E-04) for the 35-65% increases or decreases in expression typically observed in the microarray studies. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was included as a reference for normalization and as an example of a gene that did not change by ECS on the gene chip.
For each specific gene tested, diluted cDNA (5 l) was added to 45 l of PCR reaction mixture that contained 25 l of 2ϫ concentration SYBR Green PCR Master Mix (Applied Biosystems, Warrington, UK) and 25 pmol of each forward and reverse primer. Each sample was subjected to 40 cycles of real time PCR (ABI 7900; Applied Biosystems) where fluorescence is measured several times during each cycle of two-step PCR alternating between 95°C for 15 sec and 60°C for 1 min. The threshold cycle, or point at which signal fluorescence exceeds background, for each sample for each gene was compared with a standard curve to determine a relative expression value. Because of limited amounts of sample RNA, the standard curve was generated by real time PCR analysis of five 10-fold serial dilutions of a cDNA generated from the RNA of rat cortical stem cells. This method does not provide an absolute quantitative value but allows a relative comparison between samples. The expression value of each gene was normalized to the amount of GAPDH in that sample to calculate a relative amount of transcript present for each gene. The normalized expression values for all control and treated samples were averaged, and an average fold change was determined. A Student's t test was conducted between the normalized relative expression values for each individual control and treated samples to determine statistical relevance.
Results
Four sets of microarray hybridizations were conducted to evaluate the effects of acute or chronic ECS treatment on gene expression in the frontal cortex and hippocampus ( Fig. 1) . At gene abundances Ͼ100, each scatter plot of mean intensities displayed minimal skewing about the unity line. The distribution of points was generally quite close to the unity line, but many statistically significant outliers were found, as illustrated by white dots (Fig. 1) . PCA showed that the frontal cortex and hippocampus transcriptome segregated into distinct clusters (data not shown), similar to that reported for different human CNS brain regions (Palfreyman et al., 2002) . Outlier samples in the PCA analysis were readily distinguished from this threedimensional plot, and zero to two samples were removed from each group before statistical analysis.
Our initial concern was to determine the number of samples per group needed to reliably identify differentially expressed genes. The 8 -10 microarrays used for each group allowed us to calculate the number of significant mRNA changes obtained with various group sizes. From the acute hippocampus experiment, we randomly created subgroups of 2-10 samples from the sham-or ECStreated groups or from a random mixture of these two groups. Statistical comparisons of 100 such subgroups were performed with Welch t tests. Each time, we calculated the number of genes that changed on the basis of p ϭ 0.01. We expected ϳ40 genes to appear as hits because of random technical and biological variations, independent of any real ECS treatment effect, from the 3500 -4400 detected genes. Comparisons between subgroups created from within the ECS or control animals only, or from the "mixed" animals, produced approximately this chance number of gene changes (Fig. 2) . In contrast, the number of significant gene changes between sham-and ECS-treated animals increased steeply from chance level at a group size of two to 15-fold above chance at a group size of 10. Virtually identical results were obtained with the frontal cortex data after acute ECS (data not shown). Thus, although larger groups may have identified more gene expression changes, 8 -10 rats per group were clearly sufficient to detect a large number of highly significant changes resulting from ECS.
Many genes are represented on the Affymetrix RG-34A chip by more than one probe set. We found 12 genes of which significant change attributable to the ECS treatment was identified by multiple probe sets (bolded gene names in Table 1 ). We randomly selected 5 of these 12 genes to determine the degree to which the changes in probe sets for each gene were in agreement. The numbers of probe sets reporting significant and codirectional change attributable to ECS treatments were five of seven for brain-derived neurotrophic factor (BDNF), two of two for prostaglandin (PG)-endoperoxide synthase 2 (Cox-2), two of four for Jun, two of three for transforming growth factor ␤ inducible early growth response (TIEG), and one or two of four (depending on treatment and tissue) for catalase. The five probe Figure 1 . Plot of the mean abundances of each of the 8799 probe sets measured with the Affymetrix U34A rodent chip in the frontal cortex or hippocampus of rats that were exposed to either acute or chronic ECS (n ϭ 10 per group; y axes) or sham control (n ϭ 10 per group; x axes). Genes in white are those with ECS/control group ratios Ͼ1.5 or Ͻ0.67, with p Ͻ0.05, and passing minimum expression restrictions.
sets for BDNF, Jun, and TIEG as well as one for the catalase probe sets that did not show a statistically significant change produced only absent calls or Ͻ100 abundance units in all rat brain samples. For this and other reasons, we filtered out genes that produced Ͻ50% present calls in one group or generated Ͻ100 abundance units.
After filtering genes by these criteria, a total of 120 unique genes (Table 1) were differentially expressed in ECS-treated rats compared with controls in at least one of the four ECS experiments. Thirty-nine genes were identified in multiple tissues or ECS treatment groups, and 81 genes changed in only one group (Fig. 3) . The most dramatic response to ECS occurred in the hippocampus after a single acute shock, in which 79 genes were differentially regulated (Fig. 3) . Chronic ECS treatment resulted in almost as many (57) gene changes in the hippocampus, and approximately half of these were distinct from those that changed after a single ECS. The frontal cortex was far less responsive than the hippocampus, with 33 gene changes with acute ECS, and only 9 genes identified with chronic ECS. Eleven genes that were regulated in the same direction in the hippocampus by ECS and after exercise (Russo-Neustadt et al., 1999; Tong et al., 2001; Molteni et al., 2002) are marked in Table 1 by the shading of the gene name.
An additional 19 genes with p values of Ͻ0.005 and fold changes of Ͻ1.5-fold were identified (Table 2) . Among the total of 139 genes identified in the present study, 52 are among the 88 mRNA or protein species that have been observed by others to change in the rodent brain after ECS (Table A ; available at http://www.psygenomics.com/html/Supplemental_Table_A.pdf), whereas 87 of our 139 genes are unreported. Clearly, microarray studies are capable of replicating statistically significant mRNA changes in the brain obtained with other methods such as Northern blot and in situ hybridizations.
Nineteen genes were regulated similarly with acute or chronic ECS in the hippocampus and frontal cortex (Fig. 3) . This indicates that many changes throughout the brain after shock therapy may occur independently of the cellular heterogeneity of these regions. When considering Tables 1 and 2 , 29 genes changed only after chronic ECS, and 59 changed only after acute ECS. In the hippocampus, 31 genes changed after acute and chronic ECS, as did 7 in the frontal cortex. The between-animal and betweenregion consistency of many gene changes was indicted by the finding that, of the 39 genes that changed in more than one tissue or after both durations of ECS (Fig. 3, Table 1 ), only one gene changed in opposite directions. Solute carrier family 3, member 1 decreased in the frontal cortex and hippocampus after chronic ECS but increased in the hippocampus after acute ECS.
Four genes were codirectionally changed after chronic and acute ECS treatments in the hippocampus and frontal cortex (Fig. 3, Table 1 ). These four genes are BDNF, COX-2, neuronal activity-regulated pentraxin (Narp), and TGF␤-inducible early growth response (labeled as All in Table 1 ). Each of these genes or their biological pathways has been reported by others to change after ECS treatment or seizure in rats (Nibuya et al., 1995; Hashimoto et al. 1998; Zetterstrom et al., 1998) (Table A ; available at http://www.psygenomics.com/html/Supplemental_Table_A.pdf). Approximately two-thirds (81) of the identified genes were unique to a single experiment (Fig. 3) , suggesting that acute and chronic ECS can influence the expression of different genes, and that genes in the hippocampus and frontal cortex can respond differently to ECS.
We used quantitative RT-PCR as an independent method to confirm the relatively small (less than twofold) changes seen by microarray. Therefore, we needed to ensure the ability of the RT-PCR assay to detect small differences in mRNA amounts. This was determined in two ways, first with a tissue dilution study and second with genes that produced small (ϳ30%) changes. Serial dilutions of each sample were made from the acute hippocampus experiment, and RT-PCR was used to measure the effects of both dilution and ECS treatment in all dilutions for four representative genes. The gene expression levels for each sample were normalized to the GAPDH expression for that sample to account for variations in efficiency of the RT reaction. The normalized relative expression values were averaged (n ϭ 10 rats per group) and compared for each dilution group. A t test that compared the decrease in normalized expression from dilutions of 1ϫ to 0.75ϫ, from 0.75ϫ to 0.5ϫ, and from 0.5ϫ to 0.25ϫ for either the sham or ECS groups demonstrated statistically significant decreases ( p Ͻ 0.01) between each dilution, except for neuropilin at the 0.5ϫ dilution (Fig. 4) . The magnitude and statistical significance of gene changes between the sham and ECS groups for the three genes measured by microarray (Table 1 ) and lack of change in GAPDH were replicated by the RT-PCR method regardless of the dilution, except at the greatest dilution of the EST189184 gene (Fig. 4) .
The large number of genes measured in any experiment increases the number of genes that may be false positives and increases the challenge to determine which gene changes can be confirmed by other methods (Zhang, 2002; Xu and Li, 2003) . Approximately 1200 RT-PCR assays were conducted with hippocampal or frontal cortex tissues after acute or chronic ECS, focusing on 60 genes from Tables 1 and 2 with the largest fold change and best statistical significance determined by microarray analysis (Table 3 ). The genes were also selected to represent various protein classes and for their biological relevance to depression or its treatment based on our knowledge of the literature.
The initial RT-PCR study observed a 50% validation rate of microarray data. The principle failures appeared to have been primarily associated with low technical performance of the particular primers, as evidenced by a failure of the amplified signal to reach asymptotic intensity levels that are characteristic of genes Figure 2 . The effect of sample size on the number of identified gene changes (Hits; p Ͻ 0.01, independent of fold change) is significant only for comparisons between sham-and ECS-treated rats. Groups of 2-10 were randomly composed from the hippocampus of acute sham-treated rats (sham), acute ECS-treated rats (ECS), or mixtures of rats from both groups (mixed). The number of hits was calculated for each microarray analysis of these samples, and this process was repeated 100 times for each sample size. Values are means Ϯ SD. A calculation of 40 "theoretical chance" gene changes was based on p Ͻ 0.01 for the ϳ4000 probes detected in the frontal cortex with at least a single present call in one group and a mean abundance Ͼ100. Fold change (ratio), significance (p value), and ranking of genes identified as altered in hippocampus (H) and frontal cortex (F) after acute (A) or chronic (C) that amplified efficiently. For those primer pairs that failed, we selected a second and unique primer pair from the same region of the transcript to generate an amplicon of similar length as the first primer pair. The nonvalidated genes were retested with these new primer pairs, and 80% of the retested genes produced the expected asymptotic signal across amplification cycles and validated the microarray results. Thus, we confirmed the statistically significant differential expression of 39 of the 59 genes tested for a confirmation rate of 66% (Table 3) . Using genes from Table 2 that produced small (Ն30%) changes, RT-PCR was able to validate the array increases or decreases of seven genes with such changes (Table 3) . These seven genes were rat smallest neurofilament protein, glypican, neuritin, normalized rat heart, ras homolog enriched in brain, prostaglandin D synthase, and synapsin 2. Thus, the ability of RT-PCR to confirm array increases or decreases of ϳ30% or greater are demonstrated by these findings and those in Figure 4 .
The lack of experimental change in GAPDH was confirmed by the RT-PCR tissue dilution study. Nevertheless, in our experience, RT-PCR produces an ϳ30% false negative rate for any large set of genes found to be changed on the Affymetrix or Agilent microarray platforms (J.A.B. and L.W.J., unpublished observations). Thus, we estimate that Ͼ66%, and probably closer to 80%, of the genes detected by the microarray analysis of our ECS tissues represent true positives on the basis of RT-PCR validation. The repeated observations of gene changes in different tissues or times, confirmation of fold and direction of gene changes in 66 -80% of cases by RT-PCR, and the substantial agreement of many gene changes with literature findings increases the likelihood that our results are mostly valid.
Discussion
The present study investigated the effects of chronic and acute ECS on gene expression in the rodent CNS. The findings replicated 52 of the 88 genes and their direction of change observed by other laboratories and identified another 87 gene changes that were previously unreported. The large-scale replication, similar changes of multiple probes sets identified for 12 of the genes, and confirmation of at least 66% of gene changes by RT-PCR (Table   3 ) provide a general validation of the changes we observed in response to generalized CNS seizures. Importantly, none of the 282 gene changes in the hippocampus and temporal lobe associated with epileptogenesis during kindling (Lukasiuk et al., 2003) overlapped with the genes identified here. This probably resulted from the very different models used in these studies and indicates that the mechanism of seizure sensitization differs considerably from the effects of seizures themselves. When generalized seizures are induced by pilocarpine and gene expression in the dentate gyrus is measured 2 weeks later (Elliott et al., 2003) , or when chronic seizures are induced using the present methods and hippocampal gene changes are evaluated using a 645-cDNA array (Newton et al., 2003) , consistent increases occur in BDNF, cyclooxygenase-2, neuropeptide Y (NPY), neuritin, and vascular endothelial growth factor (VEGF), as we and previous investigators (Table A ; available at http://www.psygenomics.com/html/ Supplemental_Table_A.pdf ) have observed. Novel gene increases seen here and by Newton et al. (2003) are the nerve growth factor inducible protein VGF, thyrotropin-releasing hormone (TRH), tissue inhibitor of metalloproteinase 1 (TIMP-1), FGF receptor 1, and early growth response-1; seen here and by Elliott et al. (2003) is the gene for the tandem of P domains in a weak inwardly rectifying K ϩ channel (Twik), pyruvate dehydrogenase phophatase, thymosin ␤-10, NARP, Vesl, ania-4, Arc, tropomyosin receptor-related kinase B (TrkB), neuritin, and transducin-like enhancer of split-1. Thus, increases in BDNF/TrkB, NPY, VEGF, and the arachidonic acid pathway genes figure most prominently in the effects of ECS and not in the sensitization of seizures by kindling.
Gene changes after chronic exposure to ECS Gene changes after chronic or acute ECS exposure are each potentially relevant to the clinical effects of ECT, which can give symptomatic relief within hours after a single seizure. However, the increased and sustained efficacy of ECT with repeated treatments warrants a closer look at the 29 genes that changed only after chronic ECS.
The two genes that changed only with chronic ECS in both the hippocampus and frontal cortex were prostaglandin D synthase and IGF II (somatomedin A). These genes were consistently decreased, as shown by microarray and RT-PCR analyses. The downregulation by prostaglandin D synthase is consistent with the chronic upregulation we saw in its repressive modulator and GABAdifferentiating factor, hairy and enhancer of split 1 (HES-1) (Kageyama and Ohtsuka, 1999) . A potential role for a stimulation of the arachidonic acid cascade in the antidepressant effect of ECT was further supported by large elevations in cytosolic phospholipase A2 (cPLA2) in the hippocampus of both acute and chronic ECS-treated rats. cPLA2 releases arachidonate from phospholipids and is induced in the hippocampus after kainate seizures (Sandhya et al., 1998) . Increases in cox-2, the inducible form of prostaglandinendoperoxide synthase, catalyzes the rate-limiting step in converting arachidonic acid to PGs and was elevated in all tissues and times by ECS. Interestingly, the chronic treatment of rats with lithium or valproic acid decreases each of these genes in rat brain (Rapoport and Bosetti, 2002) . Thus, the increases seen here in cPLA2, Cox-2, HES-1, and prostaglandin E synthase, and the lowering of a prostaglandin D2 (PGD) synthase may produce an antidepressant effect, whereas their lowering may promote mood stabilization.
The ECS-induced decreases we observed in PGD synthase, a gene thought to be neurotoxic (Baik et al., 1999; Fujimori et al., 2003) and increases in the putatively neuroprotective PDE synthase (Yagami et al., 2003) and cPLA2 (Nakamura, 1993 (Nakamura, , 1994 , Figure 3 . Venn diagram representation of the distribution of changes ( p Ͻ 0.05, ratio of change Ͼ1.5 or Ͻ0.67) in the 120 unique genes in the frontal cortex and hippocampus after acute or chronic ECS. Genes are represented only if the corresponding probe was detected as present in at least 50% of samples in one group, and mean abundance exceeded 100. The overlaps of three genes between hippocampus chronic and frontal cortex acute could not be illustrated and are included in the tally of genes for these two tissues (shown in parentheses).
might also contribute to the lack of neuronal damage after ECS in the rat or human (Madsen et al., 2000; Zachrisson et al., 2000; Chen et al., 2001; Hellsten et al., 2002) .
Among the other genes in Tables 1 and 2 that were only changed with chronic ECS, 26 were in the hippocampus and only three were in the cortex. This finding more strongly implicates the hippocampus as mediating, at least at the genomic level, chronic effects of ECS. A well known protein candidate in mood effects, TRH mRNA was doubled in the hippocampus and only with chronic ECS. RT-PCR revealed a 20-fold increase in hippocampal TRH and confirmed that TRH increases occurred only after chronic ECS in the hippocampus and not in the frontal cortex (Table 3) . Although it is unclear why the TRH increase measured by PCR exceeded that determined by microarray, TRH mRNA increases are consistent with the ability of ECS to increase prepro-TRH peptides in several rat brain regions and with the antidepressant-like effects of TRH in the rodent forced swim test (Pekary et al., 2000) . Both parenteral and intrathecal injections of TRH improve depression in humans (Satin, 1999) and animal models (Ogawa et al., 1984; Drago et al., 1990) . The role of TRH in elevating mood in humans is supported by the use of triiodothyronine as an augmentation therapy for treatment-resistant depression (Hatzinger and Holsboer-Trachsler, 1999) .
The doubling of neuropeptide Y mRNA in the frontal cortex and hippocampus after chronic ECS is consistent with increases in NPY protein (Wahlestedt et al., 1990) and mRNA (Mikkelsen et al., 1994; Elliott et al., 2003; Newton et al., 2003) in the cortex and hippocampus after ECS. NPY is decreased in schizophrenia (Iritani et al., 2000) , bipolar disorder (Caberlotto and Hurd, 1999) , depression associated with suicide (Westrin et al., 1999) , and animal models of depression (Caberlotto et al., 1998) . The augmentation of NPY by ECS may be consistent with the efficacy of ECT in each of these disorders. A doubling of NPY concentrations and secretion from cultured cortical neurons has been observed in response to BDNF, and this response operates through the ERK (extracellular signal-regulated kinase) (MAP) kinase pathway (Barnea and Roberts, 2001) . The increases in calvasculin, heme oxygenase, and tacykinin 2, among other neural modulators in this group, represent additional chronic mediators of the longer-term effects of ECS on mood. . Ability of the RT-PCR assay to detect small differences in genes identified by the Affymetrix microarray. The expression of three genes was measured for each sample (n ϭ 10 rats per acute hippocampus group) and normalized to the GAPDH expression for that sample to account for variations in efficiency of the RT reaction. The normalized expression values (mean Ϯ SEM ϫ 10 3 ) of each of the three genes differed significantly ( p Ͻ 0.01; t test) between the sham and ECS-treated rats in the parent material and at the 0.75ϫ, 0.5ϫ, and 0.25ϫ dilutions, except for the normalized rat heart EST189184 gene at the greatest dilution and GAPDH at all dilutions. The normalized expression values of each gene also decreased ( p Ͻ 0.05; t test) at each dilution for all four genes compared with the one preceding it for both the sham and ECS groups, except for neuropilin at the 0.5ϫ dilution.
BDNF/MAP kinase ECS elevated 17 genes along the BDNF/TrkB-stimulated MAP kinase pathway and its convergence with the NMDA-coupled PKC pathway and four additional genes of the ERK1,2-linked arachidonic acid pathway. In the hippocampus and frontal cortex, these genes included BDNF, for which five separate probe sets were increased up to fourfold to fivefold, and its high affinity receptor, TrkB, which increased acutely in the hippocampus. These findings are comparable with increases in these rat brain areas in BDNF mRNA (Duman et al., 1997; Nibuya et al., 1995; Zetterstrom et al., 1997; Chen et al., 2001 ) and BDNF protein (Altar et al., 2003) after ECS. BDNF-induced phosphorylation of TrkB and the son of sevenless adapter protein (Grb-2) and RAS gene activation initiate intracellular signaling pathways that include MAP kinase and cAMP (Skolnick et al., 2001 ). These steps may mediate the antidepressant action of BDNF and ECT (Duman et al., 1997; Altar, 1999).
Other genes among the BDNF/TrkB-stimulated MAP kinase pathway include Grb-2, Grb-2 like, RAS homolog, growth arrest and DNA-damage inducible gene (GADD153), neuritin, glypican, phosphotyrosine phosphatase, and Vesl/homer. Their augmentation by ECS is highly consistent with the reduced activation and expression of ERK1/2 MAP kinase in the postmortem brain of depressed suicide subjects (Dwivedi et al., 2001) . Vesl/homer was upregulated by up to sixfold after ECS in both brain areas (Table 1) . It is a neuronal immediate-early gene of which the synaptic protein product is enriched at excitatory synapses, including those in the hippocampus where it facilitates postsynaptic metabotropic glutamate receptor signaling through ion channels and AMPA receptors (for review, see Thomas, 2002) . Vesl-1 mRNA expression increases in cultured neurons exposed to BDNF or NMDA and in the hippocampus after seizure or after electrical or pharmacological stimulation (Brakeman et al., 1997) . This implicates Vesl-1 regulation just downstream of the All samples for ECS-treated groups and sham control groups used for microarray studies were analyzed for each gene (n ϭ 8 -10 per group).
receptor-associated factor-MAP kinase convergence between the neurotrophin and excitatory pathways (Sato et al., 2001 ).
Neuroplasticity and neurogenesis
Although ECT in humans or rats is not associated with neuronal damage, both ECS (our results) and deep cortical impact injury (Matzilevich et al., 2002) increase the hippocampal expression of Cox-2, glial fibrillary acidic protein, FGF receptor-1, Vesl/homer isoform, neuropeptide Y, the putative potassium channel TWIK, and the immediate early genes Narp, Arc, BDNF, NGF inducible clone C, and the protooncogenes jun-B, c-jun, fra-2, and c-fos. However, 8 of these 14 genes are immediate-early genes, which respond to many diverse stimuli. Five of these 14 genes (Cox-2, Vesl/homer, Narp, BDNF, NGF inducible clone C) and six others that we observed also change after exercise (Russo-Neustadt et al., 1999; Tong et al., 2001; Molteni et al., 2002) . Exercise, and most of these 11 genes, are associated with neuroprotection, neuroplasticity, and antidepressant effects rather than with damage. In addition, none of the other 107 genes in Table 1 overlapped with the 92 genes reported by Hendriksen et al. (2001) to be altered in the gliotic and degenerate hippocampus in a status epileptics model. The present study is the first to demonstrate with high-density microarrays genomic changes in response to acute and chronic electroconvulsive seizure. The most robustly and broadly represented genes to change by ECS were found in the hippocampus. Genes that increased with chronic ECS are more likely mediators of the long-term beneficial effects of ECT and included those of the BDNF/TrkB/MAP kinase pathway, arachidonic acid pathway, VEGF, TRH, NPY, and regulators of neuronal sprouting and neurogenesis. The ability of ECT to rapidly treat drug-resistant depression might be attributable to a greater extent and speed to increase the expression of a subset of these genes, particularly genes of which changes are sustained with repeated ECT. An elucidation of genes that are similarly, albeit possibly more slowly, affected in the neocortex and hippocampus by antidepressant or mood-stabilizing drugs is a useful next step toward identifying novel gene targets for treating depression and bipolar disease. Such overlapping genes could be used to identify lead compounds (Palfreyman et al., 2002) that mimic the therapeutic response of ECT without producing seizures. For example, such an "ECT in a pill" could be discovered by screening compounds for their ability to alter the same 11 genes elevated in rat brain by ECS and by exercise, an effective treatment for mild depression (Hill et al., 1993; Labbe et al., 1988) , or for compounds that augment genes that are elevated by chronic exposure to ECS and by conventional antidepressants.
